The fluctuating velocity field in an air-water bubble column (i.d. 15.2 cm) at a gas fraction of 25% is investigated using backscatter LDA. Since the interpretation of LDA signals in bubbly flows is not straight forward also experiments on a single bubble train are reported. It is discussed that in the latter case when using seeding the backscatter LDA measures predominantly the liquid velocity. No improvement from thresholding on the discrimination between gas and liquid was found. The bubble column experiments show that the radial averaged liquid velocity profile represents the well known gross scale circulation present in the column. More interesting, it is also seen that the fluctuating velocity field can be studied in great detail. The velocity probability density functions directly indicate high turbulence intensity. Low frequency fluctuations are observed in agreement with visual observations. The data rate is an exponential function of the distance from the column wall. This limits the possibilities of spectral analysis in the central part of the flow. However, close to the wall the mean data rate is sufficient to study the frequency contents of the signal. It is shown that the power spectral density function obeys a − 5/3 power law and that the autocorrelation function is of similar shape as reported in literature on bubbly flows.
Introduction
Bubbly flows are frequently encountered in industrial applications ranging from biotechnology to chemical engineering or the nuclear industry. Nowadays, the problems associated with these applications (like scale up) are treated experimentally, theoretically and numerically. Especially the use of computational fluid dynamics (CFD) has a lot to offer to the field of dispersed multiphase flows. However, the use of CFD is still hampered by a lack of understanding of the basic flow phenomena. Furthermore, validation of the simulated results is almost always required. Both aspects call for detailed experiments on the flow properties. Reports on quantification of the local, rather than the global hydrodynamic flow phenomena are scarce in literature, especially if the fraction of the dispersed phase increases. One of the reasons is, obviously, the difficulties encountered in experiments on multiphase flows. The flow is difficult to access and very sensitive to disturbances caused by, e.g. intrusive measuring probes. Therefore, the use of non-intrusive optical techniques (like PIV and LDA) could be benefi-cial. This paper addresses the possibilities of LDA in bubbly flows, i.e. air -water bubble columns, at moderate gas fraction. The target is to measure the liquid velocity and subtract relevant information concerning 'vortical structures' and turbulent quantities from the measurements. LDA, however, is less straight forward in bubbly flows than in single phase flows.
Bubble columns
The bubble column is one of the simplest devices in which dispersed two phase flow occurs. Yet, its flow properties are still not understood to a level that makes scale-up trivial. Nowadays, it has become apparent that studying the instantaneous flow field is the key to understanding the bubble column. A few experimental techniques have the potential of providing the required data in a non-intrusive way: PIV (Chen et al., 1994) , CARPT (Devanathan et al., 1990) and LDA, each with its limitations.
The flow in a bubble column is generated by the homogeneous aeration with gas through the bottom plate of the column. Due to density differences between a gas bubble and liquid, but also on a coarser scale between different regions in the mixture, a fluctuating flow field is observed. A long-time average of this field yields a gross-scale circulation of the liquid, with up flow in the center and down flow close to the wall (Hills, 1974) . This is a consequence of the lower gas fraction close to the wall in comparison with the gas fraction in the central part of the column. This circulation is steady, but represents only a part of the flow phenomena. LDA can, in principle, be used to study the transient flow relatively close to the wall. However, an important question concerning LDA and bubbly flow has to be addressed: what is exactly measured by the LDA? Or stated differently: how does one discriminate between the motion of the gaseous bubble phase and the liquid? In this paper this question is addressed and some experimental findings in a bubble column (inner diameter 15.2 cm) at a gas fraction of 25% (volume based) are reported.
LDA
In the literature various reports are found on the issue of discriminating between the different phases. Sheng and Irons (1991) have grouped these into three different main categories: discrimination based on the form of the bursts (Boerner et al., 1984) ; signal analysis and light blocking (Ohba et al., 1976; Lee and Srinivasan, 1982; Lee and Cho, 1984) ; difference in velocity distribution (Marié and Lance, 1983) . For the flow in a bubble column the third option can not be used since the fluctuations in the liquid velocity cause the liquid velocity probability density function (pdf) to overlap the velocity pdf of the gas bubbles. Forward scatter, or more general usage of one of the laser beams that travels through the two phase flow, is not possible since the interest is in moderate gas fractions (up to 25%) in bubble columns with diameters of 15 cm and higher. As a consequence light blocking techniques can not be used. As a result, the experiments are restricted to backscatter. Velidandla et al. (1996) reported experiments in a bubbly flow with backscatter LDA. They found that the bursts of the seeding particles could be separated well from those of the bubbles. One reason is in the difference in liquid and gas velocities present in their experiments (and therefore different frequency shifts used when studying liquid or bubbles). For those bubble bursts that pass this first frequency 'filter' a threshold on the pedestal amplitude was used to remove them. In this way Velidandla et al. were able to remove most of the measured bubble velocities. However, this procedure can not be used when dealing with bubble columns, since the velocities of the gas and the liquid are of the same order, moreover even the bubble velocity can be negative.
To be able to use the LDA in bubble columns with sufficient confidence a single bubble train experiment similar to the one of Sheng and Irons (1991) was set up. The objective of this experiment is to study in detail the velocity field around a single bubble with forward scatter and compare the findings with the same experiments but measured with backscatter. 
Set up
In Fig. 1 the set up is shown. It consists of a large rectangular vessel filled with water. A single capillary (l mm i.d.) is inserted into the liquid and air is pumped through it at an adjustable rate. In this way a single bubble train is formed, with ellipsoidal, wobbling bubbles (vertical size 2.5 mm, horizontal size 4 mm) at a bubble frequency ranging from 6 to 28 Hz. The Reynolds number of these bubbles is 750, which means that their motion is zigzag instead of rectilinear and that a wake behind the bubbles is present. The terminal velocity of these bubbles is 25 cm s − 1 (from time of flight measurements). The forward scatter LDA equipment consists of a 15 mW Spectra-Physics HeNe laser, a rotating grating (preshift 827 kHz), a 400 mm lens (fringe spacing: 12.2 mm, measuring volume 4×0.2 mm). A photodiode detects the scattered light and the reference beam. In the backscatter experiments a 4 W Spectra-Physics Ar + laser with a TSI 9201 colorburst beam separator is used. The frequency preshift is l Mhz. The beam pair is focussed with a 350 mm lens (fringe spacing 3.61 mm, measuring volume 0.8× 0.1mm). The detected light is sent into a TSI 9230 colorlink. The detected bursts are processed with processor types IFA 550 and IFA 750, controlled by a 486/66 MHz PC. Experiments are performed 2.5 cm above the outlet of the capillary; only vertical velocities are registered.
Forward scatter
In the forward scatter experiments a high data rate was obtained ( 30 kHz). The voltage supply of the photomultiplier is set at a relatively low value 700 V so that noise influences are minimized. In Fig. 2 the pdfs of the measured velocities are shown for three different positions in the bubble train: (a) at the center line (relative to the capillary), (b) at the edge (i.e. 2 mm from the center line) and (c) outside the train (i.e. 2 cm from the center line). Especially Fig. 2a seems to suggest that both the bubble and liquid velocity are registered. The pdf consists of a large slightly off-zero peak, showing that the liquid is entrained by the bubbles and a small peak at velocities 25 cm s − 1 . The latter value equals the sum of the rise velocity of a single bubble and the mean of the entrained liquid velocity. Similar findings have been reported by Marié and Lance (1983) . They found that for liquid velocities above 20 cm s − 1 the pdf shows the two peaks: a large one centered around the liquid velocity and a small one at higher velocities. The latter was attributed to the velocity of the bubbles.
As was already pointed out by Sheng and Irons (1991) , a bubble present at the measuring volume blocks the reference beam and the photo multiplier is temporarily blinded. This is most clearly seen by zooming in on a time series of the velocity when one bubble is passing (see Fig. 3 ). When a bubble approaches the focus, an increase in velocity is seen. This is still liquid velocity. As a consequence of the zigzag motion the magnitude of the velocity may exceed the steady terminal velocity of the bubble. The wobbling interface of the bubble may in principle generate a burst (Durst and Zare, 1975) , but the data rate of these events is too low to account for the small peak 25 cm s − 1 in the pdf. A similar conclusion has been reported by Ohba et al. (1986) by using a forward and a sidescatter set up at the same time.
When the bubble passes the measuring volume no bursts are detected, so a gap in the signal is created. Note that indeed the duration of this gap is, roughly speaking, equal to the ratio of the vertical size of the bubble and the bubble rise velocity. After the bubble has passed through the focus, again 'high' velocities are measured. This time the wake of the bubbles is detected. The size of the wake is seen to be similar to the bubble size. Since the Reynolds number of the bubbles is 750, a well developed wake is present with velocities that may be higher than the bubble velocity. Durst et al. (1984) observed that the interface of bubbles with a diameter of 6 mm rising in a viscous liquid (Reynolds number 0.14) contributed to the velocity measurements only in case the measurements take place exactly at the center line of the bubble motion. In all other cases the light is not scattered in the direction of the photomultiplier. Martin et al. (1981) investigated LDA signals for forward scatter with small air bubbles (dia 0.2-1.0 mm). They found Doppler bursts with three peaks which could be connected to the position of the bubble with respect to the measuring volume. No triple peaked burst were found in the present analysis, most likely due to the larger bubble with its deforming interface.
Back scatter
In the back scatter mode the data rate is much lower. The data rate without addition of seeding is 10-25 Hz. The addition of seeding (alumina coated spherical polyethylene particles of 4 mm diameter, density 2.6 · 10 3 kg m − 3
) increases this rate to some 1000 Hz. No seeding particles were found on the bubble-liquid interface. This difference in data rate indicates that in the backscatter mode predominantly the liquid velocity is registered. This can also be seen by looking at the pdfs of forward and backscatter experiments. An example is shown in Fig. 4 for measurements at the center line of the bubble train at a bubble frequency of 6 Hz. The shape of the pdfs is similar. Both have a big and small peak at the same velocity. The width of the backscatter pdf is, however, considerably smaller. This is caused by the much smaller measuring volume in the backscatter case and to a less extent to a more the train is found, showing that thresholding favors detection of 'high' velocities. Even at the highest threshold value the averaged velocity is still much lower than the bubble velocity. From the above we have concluded that in the backscatter mode, the LDA predominantly measures the velocity of the liquid and that phase discrimination based on burst amplitude offers no significant improvement.
Bubble column experiments
The experiments in the bubble columns have been performed all with the backscatter configuration and the IFA 750 processors. The column (inner diameter 15.2 cm) is equipped with a porous plate distributor at the bottom (pore diameter 40 mm). The liquid phase (tap water) is in batch, and the gassed height of the mixture is kept constant at a value of 8 diameters in all cases. The air, introduced via the porous plate, forms bubbles with a volume equivalent diameter of 3 mm. The superficial gas velocity ranges up to 7 cm s − 1 , corresponding to a gas fraction of more than 30%. Due to high turbulence intensities and dirty water hardly any larger bubbles are detected at these high gas fractions (measured with a 4-point glass fiber probe (Frijlink, 1987) ).
In all experiments the flow was seeded with the particles mentioned above. The maximum data rate was 1000-1400 Hz when measuring close to the wall. In Fig. 7 a typical radial profile of the averaged axial liquid velocity is shown (at 39 cm above the gas distributor). Clearly a gross scale circulation is observed. This has been reported in numerous papers, with a variety of measuring techniques such as Pitot tubes, hot wire anemometers, radioactive tracers particles, PIV, etc. This averaged axial velocity profile is symmetric and it is found that indeed there is no net liquid flow through a horizontal cross section of the column. More interesting is, however, the development of the axial velocity pdfs (also shown in Fig. 7) . As is seen the fluctuations around the means are large everywhere in the column. This is the general picture found for all gas fractions investigated. Even in the center of the column the constant frequency preshift. In Fig. 5 a comparison is made between a time series in forward and backscatter. Although in backscatter the data rate is much too low to allow for a detailed analysis of the flow when a bubble passes through the measuring volume, still the wake and the approach of individual bubbles can be seen.
A further test is applied by thresholding the burst amplitude. This is done for the three measuring positions mentioned above. Fig. 6a shows the data rate normalized by the rate with a threshold value of 20 mV. It is seen that the decrease in data rate is independent of whether or not the measurements were performed in or outside the bubble train. This again seems to indicate that predominately liquid velocities are registered. Increasing the voltage supply to the photo multiplier resulted in more 'bursts' above the threshold value, but those bursts were usually not validated by the IFA.
Finally, the measured average velocity is shown as a function of the threshold value in Fig. 6b . Here a slight increase in the averaged velocity in liquid is found to flow downward every now and then. Analysis of the pdfs shows that turbulence intensities, defined as the ratio the root-meansquare (rms) value of the fluctuating part of the velocity and the mean of the absolute value of the axial velocity, are on the order of 100% or more. In Fig. 7 also a part of the radial profile of the rms of the axial velocity is shown. The dip around r/R= 0.8 is found for other gas fractions as well. No data are presented for r/R B 0.4 because the number of data points per position in that part is insufficient for a reliable estimate of the rms. Duplication of the measurement shows that close to the wall the uncertainty in the means is less than 5%. But when probing deeper into the column this uncertainty increases. The latter is caused by the decreased number of data that is available. It is expected that this uncertainty can be greatly reduced by measuring much longer.
The data rate is a strong function of the distance from the wall. Obviously, this is caused by the decreasing probability that the path of the lasers beams is open due to the presence of the bubbles. Ohba et al. (1976) have shown that the probability of a laser beam to penetrate into a bubbly flow decreases exponentially. Or in terms of the ratio between the received intensity with bubbles I and without bubbles I 0 (assuming spherical bubbles):
with l the path length through the two phase mixture, d b the bubble diameter and h the gas fraction (for ellipsoidal bubbles the long horizontal axis has to be used). When measuring with LDA the two beams have to form the measuring volume. Thus, both paths for the beams have to be 'open' simultaneously. Only if the distance between the beams is sufficiently large will these occur independently from one another. It is expected that the data rate will follow the same dependence on distance in the bubbly flow as given by Ohba. This is indeed the case as is illustrated in Fig. 8 . This plot shows the drop in data rate with increasing distance from the wall for operation at a gas fraction of 25%. The constant 3/2 from Eq. (1) has now to be replaced by 2.4. This shows that indeed the data rate drops faster than a single beam is attenuated, but 2×3/2 for independent blockage of the beams is not found. Note that although the data rate in the central part of the column is very small it is still possible to obtain a reliable pdf and mean velocity (specially the latter can be checked to some extent by calculating the net mean axial flow in a horizontal cross section).
A better insight in the fluctuating nature of the flow can be obtained by analyzing a time series of the axial velocity. In Fig. 9a part of a series of 222 s (i.e. 297640 measuring points at mean data rate 1342 Hz) is shown, while Fig. 9b zooms in on a small time interval. The series is taken at a value of 0.90 of the dimensionless radial position. The velocity data are sampled at irregularly spaced time intervals as in single phase flow, but due to blocking of bubbles large gaps are found in the time series. When a moving average is applied, the presence of low frequency fluctuations ( 0.l Hz) in the liquid velocity is revealed. These are caused by large 'vortical structures' that are observed in the flow (Groen et al., 1996) .
Calculation of the auto power spectral density of the time series from LDA measurements is complicated by the uneven distributions of the samples in time. Adrian and Yao (1987) investigated (for single phase flow) the consequences of a sample and hold for resampling the Poisson distributed sample times at the mean data rate. They showed that this results in low pass filtering the data with low pass filter frequency equal to the mean data rate divided by 2y causing a 1/f 2 decay at high frequencies. Banning (1996) tested sample and hold and linear interpolation and concluded that the latter leads to a less distorted estimate of the spectral density. In the case of the bubbly flow the resampling also has to close the blocking gaps. We have tested sample and hold as well as linear interpolation. It was found that both schemes give the same spectra. As an example the spectral density of the series from Fig. 9 is shown in Fig. 10a (obtained via sample and hold, the series is divided into 580 records of 1024 points). The levelling off at high frequencies is similar to the one reported by Banning (1996) and is a consequence of the resampling. Note that the spectrum seems to follow a − -5/3 power law as found in many single phase flows. This differs from the −8/3 dependence reported by Lance and Bataille (1983) in low gas fraction cocurrent water air bubbly flow with grid generated turbulence. Note also that a rough estimate of the Kolmogorov time scale for the flow in the bubble column is 1.2 ms, hence a frequency of 800 Hz. When similar data series are recorded deeper into the column the data rate will drop as discussed. Spectral densities calculated according to the same procedure have the same form but are shifted towards lower frequencies. The f − 2 decay due to the sample and hold procedure as discussed by Adrian and Yao (1987) is not observed. This may be caused by the much higher data rate in between the bubble gaps, so that the effect of filtering sets in at a much higher frequency than the overall mean data rate divided by 2y. The distortion of the spectra by the resampling is still under investigation.
From the spectral density the autocorrelation is calculated. The data series from Fig. 9 is now divided into records of 24.4 s (i.e. 32768 points). This is the minimal length that has to be used to capture the low frequency vortical structures. The result is shown in Fig. 10b . It clearly shows that this flow is different from single phase turbulence (Nieuwstadt, 1992) . The shape of the autocorrelation is the same as reported by Lü bbert (1983), who measured the axial velocity in a bubble column using a hot wire and by Lance and Bataille (1983) for bubbly flow with grid generated turbulence. The latter reported this particular shape for the autocorrelation already at gas fractions of 0.5%. From the autocorrelation the integral time scale is calculated according to (Devanathan 1991 ) (2) with R(t) the autocorrelation function. The integral time scale is 0.43 s which is similar to the findings of Devanathan (1991) who obtained integral time scales on the order of 0.5 s from tracking a neutrally buoyant radioactive particle in bubble columns.
Concluding remarks
The flow in a bubble column at moderate gas fraction is investigated using LDA. Due to the relatively high gas fraction forward scatter LDA cannot be used. Moreover, various techniques to discriminate between data from the gas or liquid phase cannot be used since the velocity distributions of both phases show a considerable overlap. Therefore, a comparison between forward scatter and backscatter LDA in a single bubble train is made. It shows that in backscatter predominantly the liquid velocity is measured. Applying thresholds to try to eliminate contributions from the bubbles did not have a significant effect on the data registered inside or outside the bubble train. The above strongly suggest that in backscatter (with proper seeding) the liquid velocity is measured.
The experiments in the bubble column (at a gas fraction of 25%) shows that it is possible to obtain relevant time series even relatively deep into the flow. The mean data rate, however, drops exponentially with the distance from the wall, in agreement with theoretical considerations. Spectral analysis of the time series seems to indicate that: (i) the spectrum shows a − 5/3 power law for the higher frequencies, (ii) the resampling with a sample and hold scheme does not introduce a 1/f
